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Navigating spacecraft in deep space requires
accurate, real-time knowledge of the Earth’s
orientation

The TEMPO program at JPL meets this requirement
by twice-per-week:
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EARTH ORIENTATION
e Accurate navigation of spacecraft requires accurate,

real-time knowledge of the Earth’s orientation

~ Earth’s orientation in space given by 5 parameters:

● Specifies location of spin axis in terrestrial reference frame

* 1 spitl pat-alnctef (U-I 1)

● Specifies angle through which Earth has rotated about spin axis

* Earth’s orientation varies rapidly and unpredictably

● Rapid UTI changes caused primarily by exchange of wind-driven
atmospheric angular momentum with the solid Earth

● Predicting UT1 is as challenging as predicting atmospheric fluctuations
(i.e., predicting the weather)

● Model predictions rely upon past measurements

* Earth orientation measurements (polar motion, UTI )
must be taken frequently and processed rapidly in
order to maintain a real-time knowledge
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EARTH ORIENTATION
REQUIREMENTS FOR

S/C NAVIGATION
* General Deep Space Network (DSN) requirement of:

. 30 cm = 47.0 nanoradians = 9.70 milliarcseconds = 0.645 milliseconds

● Post facto knowledge of Earth orientation can be more accurate than
real-time knowledge due to:

● utilization of other publicly available, but less timely, Earth
orientation measurements

o the ability to smooth the estimates by running the Kalman filter
backward, as well as forward, in time

● Individual flight projects set their own requirements

● Near Earth Asteroid Rendezvous (NEAR) requires:

real-time knowledge to within 17 cm (l-sigma) in each component

post facto knowledge to within 5 cm (l-sigma) in each component

● Mars Pathfinder requires:

real-time knowledge to within 10 cm (l-sigma) in each component

post facto knowledge to within 5 cm (1-sigma) in each component



SOURCES OF EARTH
ORIENTATION DATA

* Space-Geodetic Techniques

● Very Long Baseline Interferometry (VLBI)

● Lunar Laser Ranging (LLR)

~ Nc]t]-ll]e~lial  Sc]utws

● Satellite Laser Ranging (SLR)

● Global Positioning System (GPS)

* Proxy Length-of-Day Data

●  Atniospheric  angulal nlcmmtdum  (A$.M)

● Produced operationally by the National Centers for Environmental
Prediction (formerly the National Meteorological Center—NMC)

* Accuracy of predictions are controlled by timeliness
(and accuracy) of most recent measurements

● Stochastic process—uncertainty in our knowledge of UT1 grows from
epoch of last measurement as t3’2

* AAM- daily,  24-ho[~t tllt~larol!nd



TEMPO
~ Time and Earth Motion Precision Observations

(TEMPO)

● Earth orientation measurement component

● Kalman Earth Orientation Filter (KEOF) component

e Earth orientation measurement component

● Baselines used are Goldstone-Madrid (once-per-week) and Goldstone-
Tidbinbilla (once-per-week)

● Observing sessions are of 3-hour duration

● To compensate for loss in bandwidth incurred by telemetering data, the
70 meter antennae must be used for VLBI measurements

● I:light projects require polar motion, UT1



TEMPO (cont.)
* Kalman Earth Orientation Filter (KEOF) component

● polar motion measurements from satellite laser ranging

● Polar motion and UTI measurements from multibaseline VLBI

● UTI measurements from single baseline VLBI

. Proxy LOD measurements from atmospheric angular momentum

. AAM can be used as a proxy measure of LOD since the axial angular
momentum of the atmosphere-solid Earth system is largely
conserved

● Proxy 5-day LOD forecasts from 5-day AAM forecasts generated by
dynamical weather prediction models

● Bias-rate corrections are applied in order for data sets to be in
alignment with each other and to be consistent with the IERS reference
frame

● Stated uncertainties are adjusted so that they more accurately reflect
the “true” uncertainties of the measurements, not just internal precision

● History of Earth orientation based upon measurements to date

● Short-term predictions of Earth orientation so that Earth orientation
estimates are available to flight projects between Kalman filter runs
(KEOF is currently run twice-per-week)



TEMPO PRODUCTS
* VLBI measurements of baseline variation-of-latitude

and UTO

* Standby Timing Operation In Contingencies (STOIC)
file

G Cc]ntains Calibrations fot ~~cdat timti~tl  :*IICi (1’11- 1)”1 (:

● Size limited to 37 calibrations (records)

* Earth Orientation Parameter (EC.)P) file

● Greater temporal resolution of calibrations means smaller interpolation
error when interpolating between calibration values
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TEMPO PRODUCTS (cont.)
● Annual smoothing (SPACE95, COMB95, POLE95)

* S}’ACE  series of atlnual snlootllil~gs  fot-tncd by usi~}{j KI [)F tc~
Combine tlw tnc}st acc:utote slmcc-grocktic  } artlt c)lieritatioll
tnc2st~Icnmts avfiih:tdc

● TEMPO and other VLBI, lunar laser ranging, satellite laser ranging, and
GPS measurements are combined

. Resulting Earth orientation estimates (polar motion and UT1 -UTC) span
1976 to the present at 1-day intervals

~ COM[l series  of antiual  slllcmltiiri{gs odciitiom:lly ir~cotporde  H i t !
c)plical astloniutric  Illuaslllclll[vllts

● I?esulting  Earth orientation estimates (polar motion and UT1-LJTC) span
1962 to the present at 5-day intervals

* [X31 1. series c)f anntu:l stllootl]itl{~s  ad(iiticwmlly itmOrpc~tat(* 11 S
optictal astlc~nlctlic  Ilwasllrctlmtds

● Resulting Earth orientation estimates (polar motion only) span 1900 to
the present at 30.4375-day intervals

~ ‘1 t]ese annual  stncmttlit~(!s  al”u genetatcd as ~mli of tlic
;]rwecll!rc umployecl whun [itInually  detc’rmining tt-w cortmtiol~s
(tc~ ttm set-i~s’ t]ias, I-ale at]ci stated uricctiait~ tics) that tii[lst t~u
appliecl to ttm Uarill oticntaticlll  sctics used in tlm tvJicc-p~t-
vwck opct-atiot~s

●

●

●

●

The required corrections are determined by comparing each operational
series to an independent reference series

The independent reference series must be created since no existing
Earth orientation series is entirely independent of the data being
corrected

The independent reference series are created by combining subsets of
the series used to form the SPACE series

Combining all series then yields the SPACE series
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FUTURE TEMPO SYSTEM
* In FY97, TEMPO Earth orientation measurements

will be acquired by a hybrid GPS–VLBI  system

● Future GPS system

● L.OD is proportional to the time derivative of UT1

● Integrated LOD will drift away from the “true” UT1

● Future VL131 system

● Use integrated LOD between VLBI UTI measurements

● A factor of 4 reduction in frequency of VLE31  observations

● No longer need 70 meter antennae since data no longer telemetered

s 34 meter telescopes will be used instead

● Kalman Earth Orientation Filter
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